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remains a top surgical priority for patients and providers, the recommended interventions to achieve this goal vary broadly. 3, 25 Restoration of elbow flexion has been demonstrated to improve quality of life and improve the likelihood an individual is able to rejoin the workforce and earn income.
1,12
The most common extraplexal nerve transfers used to restore elbow flexion in PBPI are transfer of the spinal accessory nerve (SAN) fascicles with sural nerve grafts or intercostal nerve (ICN) fascicles without nerve grafts to the musculocutaneous nerve. 30 Nerve transfer surgery is ideally performed within 6 months of injury for optimal results. 26 Reasons for delay in presentation for reconstructive neurosurgery may include delayed diagnosis, lack of awareness about reconstructive techniques, failed prior surgery, or prolonged waiting for spontaneous recovery. 13 Patients who undergo surgical treatment to restore elbow flexion after this window of time may undergo muscle transplantation rather than nerve transfer to restore function.
14 Free-functioning muscle transplantation (FFMT) involves transplantation of a muscle, commonly the gracilis muscle, to the clavicle and the distal biceps tendon to restore elbow flexion. 2, 13, 24 The gracilis muscle transplant is most commonly innervated by the SAN or ICNs. 2 While efficacious in achieving adequate elbow function, FFMT exposes patients to additional risks such as possible thrombosis of the newly anastomosed vessels for the gracilis muscle, which may result in graft failure, reoperations, and prolonged hospitalizations with extensive intensive care unit (ICU) monitoring. Both nerve transfer surgery and FFMT are reconstructive neurosurgical options available to restore elbow flexion.
While prior studies have reported surgical success rates to restore elbow flexion in PBPI using SAN transfer, ICN transfer, or FFMT, this study presents the first costeffectiveness model to calculate the ratio of health utility recovered through different treatment options by the costs of intervention. This model captures the choices available to a 25-year-old-patient who sustained PBPI with preganglionic avulsions and is without any signs of neurological recovery 4.5 months after injury. The patient is considering treatment with nerve transfer surgery via the SAN transfer or the ICN transfer within 6 months of injury, delayed treatment with FFMT (more than 1 year after injury), or no treatment to restore elbow flexion. This model provides the first quantification of quality of life impact and resource utilization across the differing treatment options for PBPI. This model demonstrates the capacity of these underutilized and time-sensitive reconstructive neurosurgical techniques to restore functionality and optimize quality of life.
Methods

Treatment Strategies
Our cost-effectiveness model captures the decision to undergo early nerve transfer surgery, delayed FFMT, or no treatment after sustaining a PBPI. Patients who undergo nerve transfer surgery may select between SAN transfer with sural grafts or ICN transfer to the musculocutaneous nerve to restore elbow flexion. Patients who undergo single FFMT will have innervation of this transplanted muscle by either the SAN or ICN. The competing treatment strategies in our models were as follows ( Fig. 1 ): 1) SAN transfer with sural nerve graft within 6 months after injury (Strategy 1); 2) ICN transfer within 6 months after injury without a nerve graft (Strategy 2); 3) gracilis muscle transplant innervated by either SAN or ICN 1 year after injury, without a nerve graft in both cases (Strategy 3); and 4) no surgical treatment to restore elbow flexion at any point in time (Strategy 4).
Decision Model
This decision-analysis model calculates the cost-effectiveness of the competing treatment strategies listed above. The role of additional surgeries to restore shoulder function or hand flexion was not included within this model. Data from the published literature were collected to provide model inputs for surgical success rates, complication rates, and quality of life information tabulated as quality-adjusted life years (QALYs) to model health utility across a lifetime. QALY values range from 0 to 1, in which 1 refers to a full year of life in complete health.
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Complication rates such as surgical failure or thrombosis of transplanted vessels were modeled as causing long-term deficits in elbow flexion resulting in poorer quality of life. A Markov model was used to investigate the base scenario of a 25-year-old patient with 78 years of life expectancy 6 with PBPI.
Model Inputs
Neurological Strength Outcome
Different grades of elbow flexion, defined by the British Medical Research Council (MRC), were chosen as the primary clinical outcome.
7,23,29 MRC grades corresponding to neurological strength were grouped into good, fair, and poor. Patients with good outcome had MRC Grade 4-5, corresponding to elbow flexion against gravity with resistance. Patients with fair outcome had MRC Grades 2-3, corresponding to elbow flexion in the absence of gravity or in the presence of gravity without resistance. Patients with poor outcome had MRC Grade 0-1, corresponding to the inability to flex the elbow without resistance in the absence of gravity. QALYs associated with good, fair, and poor outcomes with elbow flexion have been described in prior studies and correspond to values of 0.89, 0.82, and 0.81 QALYs, respectively. 
Model Probabilities
MRC Grade by Type of Treatment
The base model assumes that all individuals with PBPI have persistent unilateral MRC Grade 0 elbow flexion 4.5 months after injury. Consequently, our model assumed that patients with PBPI with preganglionic avulsions from C-5 to T-1 or with ruptures and no signs of spontaneous recovery were not subject to achieving improvements in elbow flexion without surgical intervention involving either nerve transfer surgery or FFMT. 30 One hundred thirty patients underwent SAN nerve transfer with sural nerve grafts to restore elbow flexion. Forty-three percent of patients achieved MRC Grade 4-5, 55% of patients achieved MRC Grade 2-3, and 2% of patients experienced surgical failure and remained at MRC Grade 0-1 at the 2-year follow-up. Seventy-five patients underwent ICN transfer to restore elbow flexion, 20% of whom achieved MRC Grade 4-5, 73% achieved MRC Grade 2-3, and 7% experienced surgical failure and remained at MRC Grade 0-1 at the 2-year follow-up. Nagano et al. reported similar outcomes for ICN transfer to restore elbow flexion in a retrospective review of 35 patients with PBPI: 26% of patients achieved MRC Grade 4-5, 69% of patients achieved MRC Grade 2-3, and 5% of patients experienced surgical failure with MRC Grade 0-1. 22 Given the comparable rates of success for SAN and ICN transfer, our base model used the success rates from the prospective data reported by Waikakul et al., which had strict inclusion criteria for all patients having PBPI and intervention within 6 months of injury, to model SAN and ICN transfer success rates.
Published literature describing success rates after FFMT of a single gracilis muscle report similar outcomes in restoring elbow flexion. Maldonado et al. retrospectively reported 31 patients with PBPI who underwent a single gracilis muscle transplant innervated by either the SAN or the ICN. 18 Overall, FFMT resulted in 39% of patients with MRC Grade 4-5, 55% of patients with MRC Grade 2-3, and 6% of patients who remained at MRC Grade 0-1. While patients who have a SAN donor to the gracilis muscle may have improved outcomes compared with ICN donors, 27 Maldonado et al. reports that 70% of patients had an MRC grade ≥ 3 with SAN donors compared with 60% of patients with an MRC grade ≥ 3 with ICN donors, in which there was no statistically significant difference in outcomes between these groups. Yang et al. reported a case series of 47 patients in which 2 patients required additional gracilis surgery in the case of vessel thrombosis, with final outcomes of 50% of patients achieving MRC Grade 4-5. 32 Our base model used the success rates reported by Maldonado et al. because these patients had the gracilis muscle innervated by either the SAN or ICN and did not undergo additional surgery.
Disability by Type of Treatment
An analysis by Felici et al. demonstrated that 60% of patients with PBPI had disability and thus were receiving compensation from insurance companies.
12 Of the patients with PBPI, recovery of elbow function resulted in 15% of patients no longer being classified as disabled. To model these changes in disability status after surgery within our model, patients who achieved MRC Grade 4-5 for elbow flexion after surgery had a 15% increased probability of returning to the workforce. Using these values, patients who had MRC Grade 0-3 had a 60% disability rate while patients with MRC Grade 4-5 had a 45% disability rate. This, in turn, corresponded to 40% of patients with MRC Grade 0-3 returning to work while 55% of patients who achieved MRC Grade 4-5 returned to work. To model annual income lost through not returning to the workforce, mean annual wage in 2017 dollars (https://www.bls.gov/ data/inflation_calculator.htm) was calculated from the Bureau of Labor Statistics (https://www.bls.gov/oes/2015/ may/oes_nat.htm). Patients within the decision model had an annual chance of death from natural causes derived from US Census Bureau data (https://www.cdc.gov/nchs/ nvss/mortality_methods.htm).
Costs by Type of Treatment
All costs were modeled from the perspective of a thirdparty payer. Costs associated with surgery and health care services were based on the 2015 Medicare fee-for-service payment values utilizing Current Procedural Terminology (CPT) codes and adjusted to 2017 dollars (https://www. cms.gov/apps/physician-fee-schedule). Patients who underwent nerve transfer were subject to the direct costs of surgery, preoperative MRI and electromyography (EMG), anesthesia costs, neurosurgery consult costs, postoperative rehabilitation, and costs associated with inpatient hospital stay. Costs of inpatient hospital stay were calculated using published average costs per day for both inpatient and ICU stays (http://kff.org/health-costs/state-indicator/expensesper-inpatient-day).
9 The Diagnosis-Related Group classification system was not used due to the variability in coding and lack of ability to reflect true cost differences incurred between the groups. Given the less invasive nature of SAN transfer compared with the other interventions, patients who had SAN nerve transfer had only 1 postoperative inpatient hospital day compared with 2 inpatient hospital days for the ICN group. Given shorter operations to conduct SAN nerve transfer, 30 patients who had ICN transfer or FFMT had double the anesthesia costs. Patients who underwent SAN transfer had the additional cost of sural nerve grafting, and patients who underwent FFMT had the additional cost of flap transfer. Patients who underwent FFMT also had 2 days of postoperative ICU monitoring for vessel thrombosis in addition to 2 postoperative inpatient hospital days. Patients who chose not to undergo treatment did not incur any procedural or postoperative rehabilitation costs. Data on cost derivations associated with this analysis are described in Table 1 . Data on probabilities of achieving each functional state, QALYs associated with each functional state, and total costs associated with each treatment strategy are presented in Table 2 .
Statistical Analysis
TreeAge Pro 2016 (TreeAge Software) was used to perform all analyses for this model and to assess incremental cost-effectiveness ratios (ICERs). All health care utilities were discounted by an annual 3% to adjust for future changes in quality of life. 16 Cost-effectiveness of the differing surgical treatment strategies and the no-treatment strategy were compared using ICERs, representing the ratio between the costs incurred with a given treatment strategy and QALYs gained by that strategy. A treatment strategy was considered cost-effective if the corresponding ICER was less than a standardized willingness-to-pay cutoff of $50,000/QALY gained.
5 A treatment strategy was considered dominated by a more cost-effective option if it yielded either a negative ICER or a positive ICER greater than $50,000/QALY gained. Base case analysis assessed the QALY gained after surgical intervention or no treatment while considering the costs associated with each treatment option and the income lost through persistent disability.
To adjust for parameter uncertainty, 1-and 2-way sensitivity analyses were performed. A Monte Carlo probabilistic sensitivity analysis (PSA) was performed using 100,000 iterations to capture distributions of all model inputs such as cost of surgery, surgical success rates, and rate of returning to work with good surgical outcome.
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Within the PSA, age parameters were given binary distributions, costs were modeled as gamma distributions ranging from zero to infinity, and probabilities and quality of life were modeled as beta distributions ranging from 0 to 1. The only distributions not included within the PSA were QALYs associated with each MRC grade. This decision was made to prevent probabilistic scenarios in which patients with MRC Grade 0-1 had a higher QALY than patients with MRC Grade 4-5 simply because of the high variance among the reported values within the literature. 1 Other than for QALYs, standard deviations for a given parameter were collected from the literature and modeled within the PSA, and when not available, a 20% standard deviation was used to model variation.
Results
Base Case Analysis
The base case model demonstrated a lifetime QALY of 22.45 in the SAN group, 22.0 in the ICN group, 22.3 in the FFMT group, and 21.3 in the no-treatment group. Given the improvements in QALY in the surgical groups compared with the no-treatment group, the base case model demonstrates that the 3 surgical interventions for PBPI were effective in improving QALYs across a lifetime. The lifetime costs of income lost through disability and interventional/ rehabilitation costs were $683,400 in the SAN group, $727,400 in the ICN group, $704,900 in the FFMT group, and $783,700 in the no-treatment group. These findings indicate that the 3 surgical strategies not only improved QALY after intervention, but over a lifetime each of these treatment strategies were cost saving, despite the costs of surgery, through the increased likelihood of returning to work and recovering income. This model demonstrated that the SAN transfer was the most cost-effective strategy dominating ICN transfer, FFMT, and no treatment (Fig. 2) . ICN transfer, FFMT, and no treatment each yielded negative ICERs of $255,113/QALY gained, $105,214/QALY gained, and $97,500/QALY gained, respectively. These negative ICERs indicate that these treatment strategies resulted in greater costs over a lifetime for less QALY and that the more cost-effective SAN dominated these strategies. Comparing the cost-effectiveness of the SAN transfer with the no-treatment arm directly, patients who chose no treatment incurred $102,700 additional cost over a lifetime through lost income related to disability and an additional loss of 1.05 QALYs over a lifetime due to less quality of life with MRC Grade 0-1 elbow flexion.
One-Way Sensitivity Analysis
The cost-effectiveness model was sensitive to the rates of achieving good outcome of MRC Grade 4-5 after the 3 procedures. Using the variable success rates within the literature, a 1-way sensitivity analysis was performed to model the range of good outcome for SAN transfers, ICN transfers, and FFMT across the literature (Table 3) . As 32 FFMT was the dominant strategy for success rates greater than 48%. The notreatment strategy failed to become cost-effective even at the lowest rates of surgical success of the 3 interventions.
One-way sensitivity analysis demonstrated that across a range of total costs for SAN transfer and FFMT, surgery remained more cost-effective than no treatment for total costs exceeding $100,000. ICN transfer remained cost-effective relative to the no-treatment strategy until surgical costs exceeded $70,000.
Two-Way Sensitivity Analysis
To directly compare changes in surgical success rates across two modalities at the same time, 2-way sensitivity analyses were constructed (Fig. 3) . FFMT was more cost-effective than SAN transfer when SAN transfer success rates fell below 33%, or if FFMT success rates exceeded 49%. ICN transfer was more cost-effective than both FFMT and SAN transfer when ICN had success rates greater than 33%, while SAN transfer had success rates less than 32%.
Probabilistic Sensitivity Analysis
The Monte Carlo PSA, which used distributions of all input variables (such as cost of surgery, probability of surgical success, and returning to work after successful surgery) to account for parameter variability across 100,000 iterations, demonstrated that SAN transfer dominated as the most cost-effective strategy (Fig. 4) . As willingness-topay continued to rise, FFMT had an increased likelihood of being a cost-effective strategy. At a willingness-to-pay cutoff of $50,000, SAN transfer dominated in 88.5% of iterations, FFMT dominated in 7.5% of iterations, ICN dominated in 3.5% of iterations, and no treatment dominated in 0.5% of iterations.
FIG. 2.
This cost-effectiveness chart demonstrates overall costs and QALYs associated with the 4 management options. SAN transfer is the most cost-effective option, providing the greatest QALY over a lifetime while providing the lowest lifetime costs. No treatment (yellow and highlighted) is dominated by the 3 surgical interventions available to restore elbow flexion. Strategies are not considered cost-effective if they result in negative ICERs or a positive ICER > $50,000/QALY gained.
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Discussion
The role of reconstructive neurosurgery in restoring functionality and improving quality of life in patients who have sustained nerve injury not amenable to spontaneous recovery continues to expand as new modalities, procedures, and techniques are available to patients. Numerous nerve transfers exist through manipulation of redundancies within the peripheral nervous system to restore functionality. Muscle transplants also provide options for patients who have chronic denervation of a muscle and offer treatment options for patients who did not undergo immediate nerve transfer surgery.
A prior cost-effectiveness study has demonstrated the efficacy of nerve transfer surgery to restore elbow flexion for patients with upper brachial plexus injury. 31 This present work expands upon this literature and addresses the cost-effectiveness of the role of timing and treatment strategy to manage persistent PBPI with C5-T1 involvement. If patients are unable to undergo nerve transfer surgery within the critical window of approximately 6 months after injury, the likelihood of restoring functionality after a nerve transfer becomes increasingly small. For these patients, a muscle transplant is an excellent option to restore functionality. Moreover, this model demonstrates that patients who undergo early nerve transfer surgery either through SAN or ICN or undergo a muscle transplant will experience dramatic improvements in quality of life and have an increased likelihood of returning to work and recovering income. For this reason, although there are clear costs with intervention, these treatment strategies can be considered cost saving across a lifetime.
While the base case model demonstrated that SAN transfer was the most cost-effective strategy, the 1-and 2-way sensitivity analysis demonstrated that variations in   FIG. 3 . Two-way sensitivity analyses were constructed to compare ranges of surgical success rates between 2 competing interventions. A: FFMT dominated SAN transfer as the cost-effective strategy as SAN transfer success rates fell below 33%, or if FFMT success rates exceeded 49%. B: ICN transfer dominated both FFMT and SAN transfer as the cost-effective strategy if ICN had success rates greater than 33% while SAN transfer had success rates less than 32%.
FIG. 4.
This PSA demonstrates that across a broad range of willingnessto-pay, SAN transfer remained the dominant cost-effective strategy. At a willingness-to-pay cutoff of $50,000, SAN transfer dominated in 88.5% of iterations, FFMT dominated in 7.5% of iterations, ICN transfer dominated in 3.5% of iterations, and no treatment dominated in 0.5% of iterations.
the success rate for a given surgery offer variability among the surgical strategies. This model demonstrates that as SAN transfer success rates for MRC Grade 4-5 exceeded 34%, this modality was more cost-effective than ICN transfer or FFMT. As success rates for FFMT exceeded 48% or as SAN success rates dropped below 33%, FFMT could dominate SAN transfer. However, even at the lowest success rates of any of the surgical interventions, the notreatment strategy failed to become a cost-effective strategy. These findings were further substantiated by the PSA that demonstrated that SAN transfer dominated 88.5% of iterations, ICN transfer dominated in 3.5% of iterations, and FFMT dominated in 7.5% of iterations, and no treatment dominated in 0.5%. These findings illustrate that surgical intervention, either through nerve transfer surgery or through muscle transplantation, is effective in improving quality of life. Importantly, the no-treatment arm was a cost-effective strategy in less than 1% of iterations, indicating the urgent and valuable role of reconstructive neurosurgery for patients with PBPI. Even if patients have missed the optimal treatment window to have nerve transfer surgery, this model provides clear evidence that muscle transplantation can excellently improve functionality and quality of life.
This model has limitations. This model focuses on the restoration of elbow flexion as a means of improving quality of life and improving the rates with which patients are able to return to the workforce and recover income. This model does not address the role of nerve transfer surgery to restore shoulder abduction or the role of the double FFMT to restore elbow flexion and hand flexion simultaneously. 11, 15 The therapeutic options available to patients to restore additional functionality within the hands or to restore sensation vary broadly and are beyond the scope of this analysis. While this model focuses on FFMT as a delayed therapeutic option, some centers perform FFMT within the first year of injury.
2 This model would suggest that those interventions may also be cost-effective and clinically appropriate. Many of the surgical success rates used within this model are collected from single-center published data. To address this limitation, 1-and 2-way sensitivity analyses were conducted to assess ranges in surgical success rate to capture variation in technical performance among the treatment modalities. The costs incorporated within this model were derived from Medicare data and may not represent the costs within all health care systems, all types of costs associated with diverse insurance coverage options, or costs associated with additional physical therapy and subsequent rehabilitation. To address this limitation, 1-way sensitivity analysis was performed to establish that SAN transfer and FFMT were still more cost-effective than no treatment for total costs exceeding $100,000 and that ICN transfer was cost-effective compared with no treatment until total costs exceeded $70,000. With regard to rehabilitation time, the reported literature describes that rehabilitation time for FFMT is typically less than 1 year 4 and rehabilitation time for nerve transfer surgery can range from less than 1 year to 2 years. 30 Our model makes the assumption that rehabilitation time is the same between both of these procedures and captures indirect costs associated with rehabilitation and functional status through assessing the proportion of patients who are able to return to the workforce after surgery.
Despite these limitations, this model is the first costeffectiveness analysis to address the management of PBPI by analyzing the competing management strategies of SAN transfer, ICN transfer, delayed gracilis FFMT, and no treatment. These findings should be considered in determining the ideal management options for patients who have sustained PBPI to optimize quality of life, restore functionality, minimize surgical costs, and increase the likelihood of helping patients achieve functional independence.
Conclusions
Nerve transfer surgery and muscle transplantation remain critical tools available to surgeons to restore elbow flexion, improve quality of life, and increase the likelihood of patients returning to work after sustaining PBPI. This cost-effectiveness model assesses the competing treatment strategies available to patients and demonstrates that patients should undergo treatment with nerve transfer surgery or FFMT to restore functionality. For patients within the 6-month window after injury, this model suggests that SAN transfer may be the more cost-effective strategy. For patients outside of the 6-month window, FFMT remains a cost-effective and important intervention to restore elbow flexion functionality to patients. This analysis should inform medical decision makers and patients alike to use these restorative neurosurgical interventions for this patient population.
